Mechanics is the science of structure and movement that engineers need when they design things like bridges, aeroplanes or machines. It is equally applicable to the structure and movement of organisms, in the branch of science known as biomechanics (Box 1).
controversy by showing that there are stages in a horse's trotting stride in which all four feet are off the ground. Also, he showed that the stretched-out position in which artists of his time painted galloping horses -with both forelegs extended forward and both hindlegs extended backdoes not occur during the stride.
Huge technical advances have been made since then: cinematography has been superseded by video recording; automated systems are available that will generate records of the movement in three dimensions of marked points on the body, from the output of several synchronised video cameras viewing the body from different angles; X-ray video systems have been developed. One of the most spectacular X-ray movies was made by Farrish Jenkins and shows a flying starling as a moving skeleton, demonstrating, for example, that the wishbone bends and recoils in every wing beat.
How does the movement work?
Another question that often arises in animal mechanics is: what is the mechanism that produces the movement? In their pioneering research on different animals in the 1930s, James Gray and his colleagues asked for example, how a snake moves without legs or wheels to propel it? They showed that the animal forms waves of bending that travel backward along its body. It might make no progress on a slippery floor, but natural terrain generally has bumps, stones or tussocks of grass. The snake's body can slide past these, but cannot easily push them out of the way. The waves of bending, travelling backward along the body, press against such features and drive the snake forward.
A more recent example comes from Johan van Leeuwen and his colleagues. Chameleons catch insects by means of astonishing tongues, which shoot out exceedingly rapidly to as much as one and a half times the lizard's body length. The tongue has a central rod of cartilage surrounded by a hollow cylinder of muscle. Between the cartilage and the muscle are at least ten concentric sheaths of collagen fibers. In preparation for tongue projection, the muscle contracts radially, making itself longer and so stretching the collagen sheaths. Projection of the tongue starts with the muscle sliding forward off the cartilage rod. This allows the collagenous sheaths to recoil elastically. The sheaths are arranged so that, as they recoil, they slide over each other like the tubes of a telescope. Their telescopic action results in a huge increase in tongue length, and the elastic recoil is much faster than muscular contraction could be.
As a last example, Figure 1 In recent research, forces exerted on the ground by human or animal feet are often recorded directly by means of force plates. Different methods are needed to determine the forces that animals exert when moving in the air or in water. These have often been estimated by measuring the forces on animals, or on parts or models of animals, suspended in a stream of air in a wind tunnel.
Wind tunnel tests on the wings of some insects failed to explain their ability to hover. For example, the wings of a hawkmoth seemed to generate only half of the required force when beating at the observed rate. Charles Ellington and his colleagues built a model of a hawkmoth's wings and showed that they generated a swirling flow of air outwards toward the wing tip, which did not occur in the wind tunnel tests. This flow seemed likely to increase the aerodynamic force supporting the insect. In later experiments, the same effect was obtained by rotating the wings about their bases, like a helicopter rotor. These forces were sufficient to explain hovering.
Flying and swimming animals generate forces by accelerating the surrounding air or water. If the resulting fluid velocities can be measured, the magnitudes and directions of the forces can be calculated. Such measurements have been made far easier and more accurate than before by particle image velocimetry. This technique relies on tiny particles suspended in the fluid. A plane in the animal's wake is illuminated by a sheet of laser light. The speeds and directions of movement of particles in this plane are recorded automatically. From these data, the forces can be calculated.
Most sharks, for instance, are denser than the sea water, so they sink if they stop swimming. It has been generally believed that the upward force needed to support them when they swim is provided partly by hydrodynamic lift on the body, which is tilted nose up, and partly by the beating of the asymmetrical tail fin. However, the role of the tail had been questioned. Therefore, C. D. Wilga and George Lauder used particle image velocimetry to show that the tail drives water downwards as well as backwards, and so contributes to weight support (Figure 2) .
What stresses and strains are involved?
Stress is force divided by crosssectional area. Engineers design bridges and other structures so that the stress under the highest expected loads will be by a factor of safety below the stress that would break the component. The factor of safety gives protection against unexpectedly high stresses and against fatigue failure.
Estimates of the stresses that act on body parts during strenuous activities can give us some quantitative understanding of animal design. In an early study of this kind, I used a force plate to record the forces that a dog's feet exerted on the ground as it took off for large jumps. From the force record and synchronised film, the forces on some of the leg muscles and bones were calculated. From the dimensions Breaking stresses for biological materials are measured in testing machines of the kind that engineers use for testing materials. The same tests show how much the material is stretched or compressed. Strain is fractional distortion under stress. An unexpected finding in the study of the jumping dog was that the stress in the Achilles tendon was enough to cause substantial strain. Tendons had been thought of as inextensible ropes connecting muscles to the skeleton, but the dog study showed that they should be thought of as springs, whose elasticity could have important consequences for animal movement.
In the meantime, techniques for measuring stresses and strains have been greatly improved. Strain gauges, tendon buckles and surgically implanted sonomicrography crystals are used to record bone strain and the forces and length changes in muscles and tendons. Length changes in some muscles and tendons can be observed without surgery, by an ultrasonic imager attached to the surface of the body. Bone and muscle dimensions can be measured in living subjects without dissection, by magnetic resonance imaging.
How do the muscles perform?
There has been a lot of interest in the past few decades in the performance of muscles. How well are their properties adapted to the jobs they have to do? How much do their fibers lengthen and shorten? And how much power do they generate? Conveniently, bundles of muscle fibers can be kept alive after removal from the body. The forces they exert can be measured as they are stretched or allowed to shorten and they can be stimulated at any chosen stage of the movement cycle. The results of these experiments with isolated fiber bundles can be compared to the stresses and strains observed in the intact animal.
Fish, for example, have two kinds of swimming muscle: white muscle that makes up most of the muscle volume, and thin strips of red muscle along the sides of the body. The red muscle, which works aerobically, powers slow, sustained swimming, whereas the white, anaerobic muscle is used for bursts of speed. Larry Rome and his colleagues showed that white muscle can contract much faster than red muscle. The optimum shortening speed of each muscle type, at which it generates most power, lies in the range in which it has to operate during swimming.
How much energy is used?
Many measurements have been made of the metabolic energy cost of animal movement, usually by measuring oxygen consumption. As food is often hard to get, we may reasonably expect animals to move in ways that minimise energy consumption. For example, horses walk slowly, trot at 
